Abstract-The operation of a resonant-grounded network during an earth-fault condition depends on the three basic parameters: damping, detuning, and unbalance factor. These parameters are influenced by the environmental conditions (e.g. humidity, temperature, and pollution), and the network topology. Accurate values of these parameters during an earth-fault condition are required to examine the operation of the compensation system. The fault records could be used for that purpose. The recorded neutral-to-ground voltage signals have been parameterized (using damping and detuning as parameters) according to the mathematical model of the transient process. Iteratively reweighted least squares algorithm has been used to fit the model. This algorithm is the major improvement over the classical least squares approach. It is able to filter out noise more efficiently. As a direct result, very accurate parameter identification has been achieved. This paper concludes with the practical examples.
I. INTRODUCTION
T HE MOST important advantage of the arc-suppression coil compensated system is the automatic arc extinction in the case of an earth fault condition. Petersen invented the principle of the system in 1919 [1] : the inductive current due to a coil connected between neutral and ground neutralizes the capacitive earth-fault current so that the current flowing through the fault is of insufficient value to support an arc. In order to describe and quantify the phenomena observed in the compensated system during the fault and in unfaulty operation, the three parameters have been used widely [2] , [3] . Namely, the parameters are dumping, detuning (also called mismatch), and unbalance factor. Value of the unbalance factor depends on the type of distribution lines: transposed overhead, untransposed overhead, or cable. Also, the capacitive coupling with neighboring lines can influence this parameter. In normal operation, the neutral-to-ground voltage could be prohibitively large for large unbalance factor. To reduce the neutral voltage, the inductance of the coil should be adjusted. This will make detuning parameter different then zero and it will reduce compensation capability of the system. The better solution is to apply transposition on overhead lines. To achieve optimal adjustment of the system during network topology changes, various methods for continuous tracking of the basic parameters have been applied [4] . These methods are using the neutral voltage measurement recorded during some perturbation introduced in the system by either a small change of coil inductance or by injecting current into the neutral. The parameters are calculated from either the resonance curve or the loci curve of the neutral voltage [5] .
The fault records could be used to analyze and verify the operation of the compensation system. The most suitable recorded waveform is the ringdown of the neutral voltage after an arc is extinguished. In this waveform, the arc nonlinearity does not distort the signal and the level of harmonics is lower. The neutral and phase voltages recover to their prefault values; therefore, we call this transient process the recovery process. The main components of the waveform are two sinusoids with very similar frequencies. These are the power system fundamental frequency and the resonant frequency of the zero-sequence parallel RLC circuit. To estimate parameters of these close frequencies, the high-resolution methods are required [6] , [7] .
In Section II of this paper, the basic parameters of the resonant-earthed system are described. Section III presents the parameter identification technique. The resonant frequency component of the signal is parameterized using mathematical model of the transient recovery process. To fit the model, the iteratively reweighted least squares (IRLS) method has been used. In the same section, the sources of harmonics in the signal are identified and the use of a low-pass filter has been suggested. The practical results are presented in Section IV.
II. PARAMETERS OF THE RESONANT EARTHED SYSTEM
The earth-fault condition in a resonant earthed network could be analyzed using the parallel RLC zero-sequence circuit (Fig. 1) . All series elements are omitted in the circuit because their values are negligibly small compared to the shunt values. The equivalent zero-sequence impedance representing the circuit in Fig. 1 is equal to (1) where is the Petersen coil resistance (multiplied by three) in parallel with the zero-sequence network conductance and fault 0885-8977/04$20.00 © 2004 IEEE resistance.
is the network zero-sequence capacitance, is equal to the Petersen coil inductance multiplied by three, and is the angular fundamental frequency. Underline indicates the complex value.
The earth-fault current could be calculated as (2) where represents the earth-fault capacitive current without compensation, (i.e. in the case of isolated neutral). By incorporating (1) into (2), we obtained the following expression that describes the earth-fault current using the earth-fault capacitive current of the isolated system (3) where (4) and (5) are damping and detuning parameters, respectively. Detuning depends on the ideal resonant frequency (energy losses neglected) of the parallel RLC zero-sequence circuit defined as (6) If the ideal resonant frequency is equal to the system fundamental frequency , the circuit is tuned , which means that the earth-fault capacitive current is completely compensated by the inductive coil current. The remaining earth-fault current is determined by the dumping .
The unbalance factor (7) is yet another important parameter that describes operation of the compensated networks. The typical range of values for the unbalance factor is between 0.001 and 0.03. and are neutral-to-ground voltage and a phase-to-neutral voltage, respectively. In the case of full compensation , according to (7), the voltage is proportional to the voltage with the proportionality factor . If most of the lines are overhead lines (sometimes untransposed) then, for the typical range of damping values , we can expect prohibitively large values for the neutral voltage . To limit the neutral voltage , it is common to have overcompensation in the system. Undercompensation could lead to the case of full compensation if some lines are disconnected, and it is not used in practice.
III. PARAMETER IDENTIFICATION TECHNIQUE

A. Transients During the Recovery Process
The starting point in time for the analysis of the recovery process is the moment when arc disappears. The phase voltage returns back to the normal operating value and, at the same time, the neutral voltage reduces to the small value proportional to the system unsymmetry. This transient process has been modeled using the superposition circuit with the current source equal to the negative value of the earth-fault current (3)
The recovery voltage is calculated using the following expression: (9) where is the inverse Laplace transform, is the zero-sequence impedance (1) in the -domain, and is the Laplace Transform of the earth-fault current (8) . The -component impedance has a negligibly small value compared to the zero-component impedance and it is omitted in (9). According to (1), the expression for the zero-component impedance in the -domain is (10) where (11) and (12) The parameters and are defined in (4) and (6), respectively.
By incorporating (10) and the Laplace Transform of (8) in (9), and representing the capacitive earth-fault current using the prefault voltage (i.e., ), we obtained the following expression for the recovery voltage:
According to (13), the recovery voltage consists of two sinusoidal components (14) In addition, the neutral-to-ground voltage during the recovery process could be calculated using the superposition theorem. On the phase recovery voltage (14), we add the neutral voltage during the earth-fault condition before the moment when arc extinguishes. Taking into consideration unsymmetry in the network, the expression for the neutral voltage will have the same form as (14) with a much smaller amplitude .
The resonant-earthed system operating parameters (4) and (5) could be calculated if and are known. It is possible to estimate and by matching the recorded neutral voltage with the model (14). The estimation technique is presented in the following section.
B. Parameter Estimation
According to the analysis in Section III-A, the neutral voltage signal consists of the fundamental frequency sinusoid and one damped sinusoid with the resonant frequency that is very close to the fundamental frequency. In practice, it is possible to have other components in the signal, predominantly the odd number harmonics (3rd, 5th, 7th, ) of both, the fundamental frequency and the resonant frequency. Since the resonant frequency sinusoid is damped, the corresponding harmonics will be also damped. These harmonics in the neutral voltage are generated from the nonlinearities in the zero-sequence circuit. The odd harmonics indicate the presence of saturation nonlinearity (neutral coil saturation for example). Sometimes constant even harmonics (e.g., 6th), could be seen on the spectrogram of the recorded neutral voltage. These harmonics are always zero sequence, and they come from other nonlinearities in the network.
During the earth fault condition, the voltages of unaffected phases increase to the values equal to the prefault phase-tophase voltage and the neutral voltage increases to the prefault phase voltage value. Higher voltages in the network will make nonlinearities more critical. This effect is clearly observable in the fault records [5] . The amplitudes of the current harmonics are very high comparing to the fundamental frequency. It is important to understand that for the tuned system, the capacitive component of the th harmonic is exactly larger then the inductive component. Hence, the compensation does not have any effect on harmonics and it is possible for the current harmonics to have larger amplitudes then the fundamental frequency current [5] . When arc is extinguished, the major source of odd harmonics disappears but still the effect of other saturation nonlinearities could be seen in the records. If the resonant frequency is different then the fundamental frequency , the amplitude of the phase recovery voltage will oscillate slowly with the frequency . In this oscillation, the voltage could reach values of up to 70% above the rated value, and arc could establish and extinguish in short periods when the phase recovery voltage reaches maximum values. The conclusion of this analysis would be that we should expect in the recorded signal: constant and time-varying odd harmonics of fundamental frequency and resonant frequency, respectively, and sometimes constant zero-sequence even harmonics.
In the first part of the parameter estimation algorithm, the troublesome signal components are filtered out using the lowpass linear-phase (FIR) filter with the cutoff frequency 130 Hz. Also, the fundamental frequency has been removed by convoluting the signal with the following notch filter: where is the sample number, is the sampling interval, and represents measurement error. It is assumed that the measurement errors are independent and identically distributed random numbers (normal distribution). The error-free signal (17) satisfies exactly the following difference equation: (18) where (19) and (20) In the difference equation (18), we replaced the error-free signal (17) with the measured signal plus error according to (16 where " " indicates the matrix pseudoinversion. The optimal estimates of the parameters and correspond to the minimum of the norm . The estimation problem is nonlinear and can be formulated as IRLS problem [8] (24) where is the weighting matrix. An iterative algorithm for solving the IRLS problem is provided in [8] .
Using (19), (20), (11), and (12), we derived the following formulas to calculate the compensated network parameters from the estimates and : (25) and (26) Detuning parameter (5) is calculated using the estimate of the frequency (26).
C. Simulation Study
The goal of the simulation study is to compare the proposed IRLS signal estimation technique (24) with the classical linear least-squares (LS) estimation , where " " indicates matrix pseudoinversion. and are defined as in (22). It should be noted that the LS solution is obtained from the simplified error model. A difference (21) for the sample includes the error but assumes . The following signal represents the neutral-to-ground voltage during a recovery process (with fundamental frequency and harmonics filtered-out):
The signal is sampled with 200 samples/s sampling frequency to speed up the simulation. The signal amplitude and the standard deviation of the measurement error are values relative to the fundamental frequency amplitude. The parameter is calculated using (11) for the specified damping . The system is overcompensated with the detuning factor (corresponds to 51-Hz ideal resonant frequency of the lossless resonant circuit). The resonant frequency is calculated according to (12). The standard deviation of the measurement error has been increased from 0.005 to 0.105 with the steps 0.01. For each error level, 100 runs of the IRLS estimator (24) have been conducted with the errors simulated using the random number generator. Also, the classical LS solution has been calculated for each run. In fact, the LS solution is used to start an iterative IRLS solver. Absolute errors in damping and detuning estimation are calculated in each estimator run and averaged to find the asymptotic mean values. Simulation results are presented in Fig. 2 . These results clearly show the superiority of the IRLS estimator in comparison to the classical LS estimator. The IRLS is ten times more accurate then the LS method.
The solution method of the IRLS problem (24) is iterative. The simulation study has revealed that the average number of iterations (averaged over 100 simulation runs) is constant for moderate noise levels and it will increase linearly for higher noise levels, as shown in Fig. 3 . The objective function of the problem (24) is nonlinear and it has many local minimums. The starting values in the iterative method are very critical. We have been using the values that are the solution to the LS problem. It should be noticed that for high noise levels, the LS solution is moving apart from the optimal solution of the problem (24). Hence, we can expect an increase in the number of iterations and possible convergence to a local minimum. However, in this application we never encountered this problem.
D. Effects of Prefiltering
There are two filters before the IRLS algorithm: the lowpass filter with the cutoff frequency 130 Hz, and the notch filter to remove the fundamental frequency (50 Hz). The effects of filtering are the attenuation of both the amplitude and the noise in the filtered signal (16). The parameter is only the scaling factor in the model (21) and it is not estimated. The ratio between the amplitude attenuation and the noise attenuation controls the actual signal-to-noise ratio (SNR) in the model (21). In the FIR filters, the output noise standard deviation is obtained by multiplying the input noise standard deviation with the reduction factor , where are filter coefficients. The reduction factor of the low-pass filter is 0.37, while for the notch filter, it is 1.41 (for the sampling frequency 200 samples/s). The transfer function of the notch filter is , where and are the fundamental frequency and the sampling interval, respectively. According to this transfer function, the attenuation of will increase as the resonant frequency approaches the fundamental frequency. The passband ripple of the low-pass filter is completely insignificant in comparison to the attenuation effect of the notch filter. We can conclude from this analysis that the prefiltering lowers the SNR in the model (21) as the resonant frequency comes closer to the fundamental frequency. This result justifies the use of IRLS instead of LS to fit the model (21).
IV. PRACTICAL RESULTS
The staged earth-fault records [5] are used to test the practical value of the identification method proposed in Section III. These records are obtained in the 110-kV network of one German utility. Details about the network and the measurement layout are presented in [5] . We selected to present here the result obtained for the fault record shown in Fig. 4 . The neutral-to-ground voltage signal (lower part of Fig. 4 ) has been selected as an input to the IRLS method (24). The analysis of this signal reviled the presence of odd harmonics starting with the 3rd of both fundamental and resonant frequencies. To illustrate this phenomenon, the relative amplitudes of the resonant frequency-3rd and 5th harmonics (of the resonant frequency) are obtained by using windowed DFT. The results are shown in Fig. 5 . It should be noticed that the resolution of DFT is not good enough to make difference between the fundamental frequency and the resonant frequency. Hence, in Fig. 5 , the constant values before and after the transient part (in the middle) represent the fundamental frequency and its harmonics. During the fault, harmonics increase sharply as could be seen in Fig. 5 . As suggested in Section III-B, it is very important for this analysis to apply the low-pass filter before using the IRLS estimation method. The parameters identified in this example are the damping and the detuning . The simulation study results reported in Section III-C indicate that the IRLS method is significantly more accurate than the LS method. We present here the identification results for four representative earth-fault records. These results are substantiating the simulation results and further emphasizing the importance of using IRLS instead of LS method in this application. The results are tabulated in Tables I and II. The identification results for the following parameters are compared (Table I): ideal resonant frequency defined in (6); damping defined in (4) and estimated using (25); detuning defined in (5) and estimated using (26); solutions of the IRLS problem (24) and the simplified LS problem. The percentage difference (abbreviated as diff.) in Table I is calculated as an absolute difference between IRLS and LS solutions divided by the IRLS solution and multiplied by 100. The results presented in Table I denote a considerable difference between IRLS and LS solutions. The IRLS and LS solutions are verified by comparing predicted and recorded signals. The index used in this comparison is the prediction mean absolute error, defined as a mean of absolute difference between predicted and recorded signals. The results of this verification test (Table II) indicate that the parameter estimates obtained by using the IRLS method are much closer to the actual values than the LS estimates.
V. CONCLUSION
It has been shown in this paper that the records of transient faults could be used to identify damping and detuning parameters in the resonantly grounded systems. When arc disappears, the neutral-to-ground voltage returns back to the prefault value. The model of the neutral voltage signal is parameterized according to the known mathematical model of this transient process. Damping and resonant frequency (detuning) are the key parameters in this model. To fit the model, the IRLS method has been used. The simulation study has been conducted to compare the IRLS with the classical least squares method. The results clearly indicate the superior quality of the IRLS method. The method could be completely disrupted if harmonics are present in the signal. Therefore, use of the low-pass filter has been suggested to mitigate the problem. This algorithm has been used to analyze the records of some staged faults in one German utility. Illustrative practical examples are presented in this paper.
